Freiburg, Germany
Ethylene is a gaseous ripening phytohormone of fruits and plants. Presently, ethylene is primarily measured with stationary equipment in laboratories. Applying in situ measurement at the point of natural ethylene generation has been hampered by the lack of portable units designed to detect ethylene at necessary resolutions of a few parts per billion. Moreover, high humidity inside controlled atmosphere stores or containers complicates the realization of gas sensing systems that are sufficiently sensitive, reliable, robust and cost efficient. In particular, three measurement principles have shown promising potential for fruit supply chains and were used to develop independent mobile devices: nondispersive infrared spectroscopy, miniaturized gas chromatography and electrochemical measurement. In this paper, the measurement systems for ethylene are compared with regard to the needs in fruit logistics; i.e. sensitivity, selectivity, long-term stability, facilitation of automated measurement and suitability for mobile application. Resolutions of 20-10 ppb can be achieved in mobile applications with state-of-theart equipment, operating with the three methods described in the following. The prices of these systems are in a range below A C10 000. 
Introduction
The ambient conditions in the supply chain for perishable goods like climacteric fruits are of great importance. On the one hand, ambient conditions in a container or transport compartment are a prerequisite to maintain the freshness of the transported perishable cargo while, on the other hand, by controlling the conditions, a specific behaviour of the commodity-like reduced metabolism and hence respiration-can be ensured. Low temperature remains the key to maintain good fruit quality and it is mandatory to ensure that the cold chain is not interrupted during transport. A very good example of the consequences of changes in ambient conditions is the transport of strawberries. Just 1 h storage at increased temperatures of only a few degrees can reduce the shelf life or edibility of the fruit by a day. Besides the temperature, the composition of the ambient air has considerable influence on the eventual fruit quality and, consequently, on the shelf life of the transported perishable cargo. Modified and controlled atmosphere (MA/CA) is the key to extend the shelf life of fruits [1] [2] [3] . Besides CO 2 and O 2 , ethylene is the most important gas to be monitored and controlled in the supply chain of fruits [4] [5] [6] .
Less than 1 part per million (ppm) by volume of ethylene gas is sufficient to trigger the ripening process of climacteric fruit [7] . Hence, ethylene gas is considered a 'phytohormone'. Thus, knowing the concentration of ethylene gas in storage rooms is important regarding two aspects. Firstly, the ethylene concentration indicates the stage of fruit ripening (figure 1), and countermeasures like venting fresh air can take place when the concentration is approaching a critical range, e.g. 1 ppm. Secondly, by knowing the ethylene concentration, a prediction of the remaining shelf life is possible. Therefore, it is necessary to analyse the rise of ethylene in the pre-climacteric stage of fruit development, when the ambient concentration is below 1 ppm. Hence, ethylene should be measured with a resolution of 50 ppb or better. As in this low concentration range many other organic substances will be present, any potential sensing method requires good sensitivity as well as good selectivity. Furthermore, the measurement system must be small as well as sufficiently robust for usage in a container or other transport compartment.
Ethylene is an invisible, colourless and odourless gas, which has no known hazardous effect on humans at the concentrations encountered within the fruit supply chain. Ethylene is a naturally occurring gas, associated with plants under stress and fruit maturation in horticulture. The relatively small and simple ethylene molecule consists of two carbon atoms associated with four hydrogen atoms. The molecular weight of ethylene is 28.05 g mol −1 .
Different amounts of ethylene are produced by fruits and vegetables as they ripen (figure 1) [9] . Normally, ethylene cannot be sensed by humans; only experienced people can sometimes smell large quantities, but this may also be contributed to by volatile organic compounds from the fruit [10] . As its specific weight (1.178 kg m −3 at 15 • C) is similar to that of air (1.225 kg m −3 at 15 • C), ethylene diffuses freely to any other adjacent fruit commodity on the shelves on a truck or a ship or in a store.
Autocatalytic ethylene synthesis is an irreversible physiological ripening process in climacteric fruit. The accumulation of the ripening gas ethylene may lead to premature ripening of fruits and vegetables or their decay (table 1) with few exceptions. In climacteric fruits, ethylene stimulates ripening, which is undesired along the food/fruit supply chain, whereas with non-climacteric fruits, such as citrus, ethylene promotes senescence often associated with the loss of green skin coloration: this chlorophyll degradation in the peel of citrus fruit, such as lemons and easy peelers, is a process commercially applied on the farm for the German and British markets. These fruits are shipped after such de-greening, e.g. from South Africa to Europe. Ethylene can also induce or enhance physical disorders and chilling injuries in both climacteric and non-climacteric fruit (table 1) .
Climacteric fruit can hence be the first major source of ethylene in all compartments along the food chain from the ship hull, regional distribution centre, wholesale market, receiving area, storage and display shelf in the supermarket. . Typical ethylene efflux rate over time. Climacteric fruits have a distinctive peak during the ripening process. Whereas the peak concentration can be measured with several devices, the detection of the progress of biological processes during the pre-climacteric phase is still challenging. Concentrations of only few tens of ppb have to be measured (adapted from [8] ). As ethylene diffuses freely, considerable residual ethylene levels may also remain in compartments where climacteric fruit had previously been stored, depending on the amount, stage of ripeness, type of fruit previously stored there and storage time.
While ethylene efflux from fruits is not necessarily associated with their ethylene sensitivity (table 2), ethylene efflux of ripening fruits, however, correlates directly with internal ethylene concentration in the fruit core. Ethylene efflux of ripening climacteric fruits and vegetables exceeds that of non-climacteric fruits by multiples (table 2) [11] . Moreover, the sensitivity of fruit to ethylene shows large variations (table 2) . At 20 • C, carrots produce less than 0.1 µl while kiwifruits produce 1 µl of C 2 H 4 kg −1 h −1 , but both react very sensitively to low ethylene levels. For instance, 30 ppb of ethylene may cause softening and decay in kiwifruit (F Bollen 2013, personal communication). Ethylene levels of more than 100 ppb may induce isocoumarin synthesis in carrots, causing bitterness and unpleasant taste [12] .
In recent years, three brands of vent control systems with real-time analysis of O 2 /CO 2 have entered the market (eAutofresh by Carrier, AFAM + by ThermoKing and AV + by MCI). However, the monitoring of ethylene concentration is not facilitated regularly owing to the lack of suitable on-site instrumentation. In CA fruit stores, O 2 and CO 2 are routinely monitored. Ethylene is monitored daily, sometimes weekly, by taking gas samples, which are analysed by gas Table 2 . Ethylene efflux and sensitivity of selected fruit and vegetables [11] . + + +, very large ethylene efflux above 100 µl kg −1 h −1 ; +, large efflux of 10-100 kg chromatographic measuring in external laboratories. The main demand during storage identified by the agro-food sector is 'online' monitoring of ethylene in the ppb range with low-cost devices in the storage chambers. Research and development are concentrated on the implementation of gas sensing systems for fruit monitoring, especially for CO 2 measuring in containers. The first step is quality monitoring by recording respiration of climacteric fruit like bananas, using a CO 2 sensor. More reliable predictions of the quality could be enabled by measuring the ethylene concentration inside a container. Latest work showed that a cost-efficient and sensitive system will be available in the near future and will give biologists the opportunity to create a shelf life prediction model that will be more accurate than those published in the past [13] . Several sensor technologies for the detection of specific gas concentrations are available but not all of these are equipped to withstand the rough conditions inside a container. Often, a mobile device with high sensitivity and wellcustomized selectivity to a specific gas compound like ethylene is not available, too expensive or not able to provide stable readings in the long term. The development of a mobile device for ethylene measuring is a difficult task. Small measuring devices for the detection of O 2 and CO 2 concentrations are available, but during field tests in a container they have not shown sufficient long-term stability owing to exposure to high humidity. The main goal of this research is to develop a high-sensitivity, small, mobile system that can be installed in containers and CA stores at a reasonable price, facilitating reliable continuous measuring of ethylene during the complete logistic chain. In the following sections, measurement principles and systems actually used in logistic processes will be discussed. Thereby, the focus will be on three measurement devices developed or used for ethylene detection by the authors. The systems themselves as well as the peripheral equipment potentially necessary for operation of such sensor systems in a container will be discussed, because there are some important issues with regard to practicability.
Ethylene measurement for fruit quality monitoring
In 2012, Cristescu et al. [14] described current methods for the detection of ethylene in plants.
They give an overview on the possibilities for ethylene measurement under laboratory conditions. The highest sensitivity can be achieved by photoacoustic spectroscopy. We start our overview with a short summary of this technology. But the main focus of this paper is on measuring principles that are suitable to be applied along the cold chain of fresh fruits, i.e. inside moving trucks and containers, as well as during storage and post-harvest processing. other than the sensitivity become important as well, e.g. the suitability for mobile usage, longterm stability and the price. Non-dispersive infrared (NDIR) spectroscopy, miniaturized gas chromatography (GC) and electro-catalytic measurement are discussed in more detail owing to the latest developments and tests by the authors. However, for the sake of completeness, we summarize additionally measuring principles of electrochemical sensors.
(a) Photoacoustic spectroscopy
Photoacoustic spectroscopy provides the highest sensitivity values to ethylene gas. Figure 2 shows a general working principle of this measurement method. A laser beam (frequently used is a CO 2 laser) is polarized and chopped in a specific frequency. Depending on the chemical structure, a specific gas compound absorbs the light at a specific wavelength-similar to NDIR spectroscopy. Owing to the absorption, the gas in the measurement chamber is periodically heated according to the copping frequency. The temperature changes induce pressure changes, which can be measured with a microphone. The photoacoustic amplitude rises with the concentration of the specific gas component.
Already in 1990 Harren et al. [15] described a measurement set-up in this context that was able to detect ethylene gas with a concentration of 6 parts per trillion (ppt). In 1996, the same group published the results of an optimization of a photoacoustic cell [16] . This system was able to detect ethylene down to 6 ppt with a time response of 2 s. The long-term stability of this device was 20 ppt at a gas flow of 6 l h −1 . Parallel developments in this field are described in Gäbler et al. [17] and Stolik et al. [18] . They achieved a sensitivity of 120 ppt. First field tests on measuring ethylene from industrial sources in Houston, TX, USA were performed by De Gouw et al. [19] in 2009. For the measurement, they used a device by Sensor Sense Company. This indicates that a measurement system for mobile use is available. Other examples for research on this topic are described in Lima et al. [20] , Mothe et al. [21] , Schmitt et al. [22] and Nägele et al. [23] .
Compared to other systems, the measuring devices based on photoacoustic spectroscopy provide the best sensitivity. Relatively small and mobile systems with a total size of 50 × 50 × 14 cm 3 are available in the market. The main disadvantage is the price (ca A C 30 000 for the Sensor Sense EDT-300 with a sensitivity of 0.3 ppb for ±2σ [19, 24] ; A C20 000 for Gasera F10 with a sensitivity of only 800 ppb [25] ). The measurement interval of the EDT-300 is 5 s with a response time of 30 s. The Gasera F10 has a response time of 30 s that can be adjusted to several minutes to improve the sensitivity. The lowest detection limit of 800 ppb can be achieved with a response time of 1 min.
The photoacoustic measurement principle has the disadvantage of an inherent sensitivity towards ambient noise and vibration. However, in the studies of de Gouw et al [19] , the EDT-300 from Sensor Sense withstands the conditions in an airplane without being negatively influenced by the strong vibrations. But the harsh environment inside reefer containers on ocean vessels is even more challenging. Not only with regard to vibrations caused by the cooling unit and the vessel's engine, but also humidity, temperature and required long-term stability. 
(b) Electrochemical sensors
A chemoresistive sensor device was described by Esser et al. [26, 27] in 2012. In general, a chemoresistive sensor is a device that detects a gas through a change of the resistivity of an area or surface on the sensor induced by chemical bindings of the gas molecules. These active surfaces can be designed to be best fitted for the gas of interest.
In this particular sensor, a mixture of a copper complex and single-walled carbon nanotubes is placed between two gold electrodes. The copper complexes partly bind the ethylene and thereby the resistivity of the nanoparticles changes. A reaction selective to ethylene is based on the fact that the copper is a cofactor at the ethylene receptors and the fruit. The sensor was able to detect ethylene concentrations between 0.5 and 50 ppm. The system was tested with an ethylene nitrogen mixture. The flow rate of the sample gas was constant during the measurement.
Another attempt at research on electrochemical sensors was published in 2011 by Zevenberg et al. [28] . In that system, ethylene dissolves in a thin ionic liquid that covers a gold electrode. A voltage between this working electrode and a counter electrode induces oxidization of the ethylene at the working electrode. Owing to this oxidization, a small current (faradaic current) is induced. This current is measured to determine the ethylene concentration.
Also, the change of a capacitor caused by ethylene can be used as a detection method. Most common in this field is the use of SnO 2 as active surface. One attempt in this field is presented by Agarwal et al. [29] . On the SnO 2 surface, oxygen is ionized negatively and therewith the depletion is increased as well as the conduction region of the SnO 2 surface. The negative oxygen ion reacts with the ethylene and brings the surface back to its original state.
In general, these sensors are optimized for ethylene detection but show high cross-selectivity to other gases and poor sensitivity. Therefore, these systems are not stand-alone systems. The system by Agar et al. [29] can be adapted to be used in GC that will be described in the following. The sensor described by Esser et al. [26] showed very good performances for such a relatively simple sensor. So far, only research on this topic is presented. Future work on this topic will be quite interesting to get a better and more detailed estimation of the capability of this device.
(c) Electro-catalytic sensor (ETH1010)
The measuring principle is based on ethylene oxidation on a gold Nafion anode with weak sulfuric acid used as the electrolyte. The characteristic double or 'pi-bond' is a prerequisite for this new nanotechnology. The inert gold does not react with most other compounds. Below a particle size of about 100 nm, the properties of nanoparticles of gold radically change and their extremely large surface area generates high reactivity (figure 3); nanoparticles catalyse particularly the oxidation of double carbon bonds [31] . Gold nanoparticles strongly absorb (carbon) double bonds and catalyse the oxidation of ethylene with oxygen to CO 2 and water [30] :
Sampling air passes over the anode, which comprises a Nafion membrane, plated with gold nanoparticles. The oxidation of ethylene releases two protons, which travel through the membrane and through the electrolyte, a weak sulfuric acid solution, on the other side of the membrane to reach the counter electrode where they combine with the two released electrons to complete the electric circuit. The current that is generated in the process is a function of the oxidation rate or proportional to the ethylene concentration in air (figure 4). The low maintenance design requires occasional refilling of up to 50 ml distilled water for the electrolyte and return from long-haul shipment for annual service depending on usage, ambient temperature and humidity.
Calibration is done with gas from a standard gas cylinder or bag with, for example, 1-10 ppm C 2 H 4 for the highest accuracy. Although the overall calibration is kept after switch off, the highest accuracy is achieved using calibration before use and leaving the unit switched on. An auto-zero function provides a fresh zero automatically when necessary, using the built-in potassium permanganate column [31] . The system includes a suction pump for ca 100 ml min −1 and provides real time and continuous measurements (figure 5a). It requires neither a preconcentrator nor a catalytic converter for clean air during measurement, unlike some other systems, e.g. photoacoustic and miniaturized GC ( §2d).
Ethylene concentrations were measured in situ in the apple fruit supply chain to explore whether this new technology is suitable for portable use. While ethylene was essentially absent with values less than 11 ppb C 2 H 4 at the CA store with long-term fruit storage and an effective ethylene scrubber, it had accumulated in the RA (regular atmosphere) cold store with apples (Elstar) over four months to about 5 ppm. In the grading facility with sorting line, ethylene accumulated to 0.5 ppm C 2 H 4 , while the concentration in the wooden bins with side vents was 72 ppb (figure 6a).
In this study, the accuracy was between 96 and 98% of 0.05-0.15 ppm C 2 H 4 and a variation coefficient of 0.5-2%, when the calibration gas of 8 ppm C 2 H 4 was measured after calibration. The measuring range of the device was 0-50 ppm C 2 H 4 with an accuracy of ±5% of reading and displayed a resolution of 1 ppb. The reproducibility of the C 2 H 4 values was 93% with three subsequent measurements of a variety of fruits. Presently commercially available versions using nanotechnology (EASI-1; Felix, ICA 541 [32] ) are equipped with a rechargeable battery for up to ca 8 h of operation. In some climacteric fruit like apples, the application of 1-MCP (1-methylcyclopropene) at harvest, blocking the ethylene receptor, is a possibility to reduce subsequent ethylene efflux, postpone ripening and extend storability [31] . The striking similarity of the MCP and ethylene molecules also enables 1-MCP detection with the same technology; this could be realized, for example, by a dual channel unit with one channel for ethylene and the other for 1-MCP. R & D plans will go ahead with the ETH1010 in 2014. Fruit and vegetables treated with 1-MCP show dramatically reduced ethylene production rates (figure 5).
The ETH1010 is a very small and very sensitive ethylene measurement tool, which showed good long-term stability during field tests in CA stores. With an accuracy of 10 ppb, a reproducibility of 10 ppb and a response time between 30 s and 2 min the system is well suited for the use in the fruit supply chain. The response time depends on the difference between two measured concentrations-if the values are similar, the response time is short. A comparison of the measurement results from a GC system and the ETH1010 showed that the selectivity of this system is very good. The system is on the verge of debuting in the market. The price of ca A C7000 (OEM device without display) includes measurement potential for temperature and three other gases relevant to the fruit supply chain. . Schematic of a GC system. The sensor can be a semiconductor gas sensor for example; but more common is a flame ionization detector.
(d) Gas chromatography
GC is a common measurement principle to evaluate the concentration of one or more gases in an air sample. Measurement systems based on the GC principle are normally fairly large and expensive and therefore not suitable for mobile application in containers or in CA stores. Latest GC systems have a 19-inch rack (Compact GC from Axel Semrau). The main parts of a gas chromatograph are an injection unit, a GC column and a non-selective gas sensor (figure 7).
A carrier gas called mobile phase flows with a fixed flow rate through the system. The flow rate is specific for every column. There are two types of columns, a packed and a capillary, that are filled with a stationary phase. Depending on the kind of GC column the stationary phase can be thin film on the wall (capillary column) or it can be small particles filled into the column (packed column). A sample gas mixture is injected in the system ahead of the column. An inert gas like nitrogen or helium is used to avoid interactions or pollution of the sample by the carrier gas.
The different components of the gas sample have different pass-through times or retention times through the column. Owing to these different retention times the parts of the gas sample are separated from each other and therefore they arrive at the sensor at different times. Knowing the specific retention time, every peak in the output signal can be assigned to a specific gas component. The intensity and the time at which the output signal appears indicate the concentration of the gas compound.
The 'heart' of a GC system is the separation column. As mentioned, there are two types of columns available. The first column is a capillary column that is typically used. They can be from five up to 100 m long. The diameters of such devices are between 50 µm and a few hundred micrometres. In a capillary column, the walls of the channels are coated with kinds of polysilicone, but also the use of alumina (Al 2 O 3 ) is possible. The second type of column is the packed column that is in comparison to the capillary column relatively short-systems with 50 cm were discussed in the literature-and instead of the surface of the walls being the stationary phase, particles are the stationary phase. Typically, the particles are made of carbon and Al 2 O 3 . Besides the column length and the stationary phase, the temperature is also an important issue. For every column, a specific temperature and flow rate of the carrier gas are needed to get the best separation.
One of the latest developments on this subject was made by the Institute of Microsensor and Actuator Systems (IMSAS) [33] [34] [35] (figure 8) . A mobile system was developed which is small, robust and sufficiently sensitive for use inside a container during transport. So far, this system has been tested in the laboratory. A field test for banana transports is planned for the near future. The challenge in developing this system was the miniaturization of the gas chromatographic column (µ-column) and the pre-concentrator (µPC; figure 9 ). The first attempt at developing a µ-column of silicon was described in 1979 in Terry et al. [36] . Several attempts have been reported since 1979 (e.g. [37] ). One of the latest developments is presented in Sun et al. [38] . In this publication, a microfabricated GC system for the determination of trichloroethylene vapour is described. These attempts were not designed for ethylene detection but show promising results in the miniaturization of GC systems. The challenge in the measurement of ethylene is that it is a very small molecule and shows similar retention times to vaporized water for several stationary phases. A separation of these gas components can usually only be done with a very long column. The fact that the column must be heated to get the best separation behaviour is also a problem in mobile applications. The µ-column developed at the IMSAS with a length of 50 cm and a chip size of 40 × 40 × 1 mm 3 is fairly small. The heating of the device is facilitated by a platinum heater at the bottom of the µ-column. Carbosieve SII, a very porous material based on carbon, is used as stationary phase, because it showed the best separation capabilities for ethylene and vaporized water.
The system described in this paper uses a pre-concentrator device (µPC) to increase the sensitivity of the system ( figure 9) . Moreover, the µPC replaces the injection and the sampling units that are normally used in GC systems. In Dow et al. [39] , a system is described, which was designed for ethylene detection, but the sensitivity improvement with this µPC could not reach the necessary ppb level. In Lin et al. [40] and in Tian et al. [41] , miniaturized µPC devices are described as well. These past attempts were not suitable for ethylene measurement. Both systems differ completely from the µPC device used in this research; however, showing very good results for the areas they were designed for.
The measurement cycle is as follows. In the first step, the gas from the container is pumped through the µPC and bypasses the µ-column. After about 25 min, owing to the adsorption process the maximum amount of ethylene is trapped in the µPC, but only a relatively small amount of water. In the second step of the measurement, the µPC is heated up to 220 • C leading to desorption. After 5 min of heating the µPC is connected to the µ-column to inject the gas sample. After about 800 s, the ethylene is reaching the non-selective gas sensor, causing an output signal. The system operates with a metal oxide (MOX) sensor (SnO 2 sensor, AS-MLK by Applied Sensors) instead of a common flame ionization detector (FID). Owing to the cross-selectivity to water an additional humidity sensor is applied for the possibility to certainly identify the water peak at the MOX sensor ( figure 10) .
With the realization of the so-called large-capacity-on-chip pre-concentrator device, the detection limit of ethylene measurement was increased strongly in comparison to earlier devices. The adsorption material is Carbosieve SII (CSII). With the dimensions of 40.0 × 2.0 × 0.9 mm 3 for each of the eight channels the µPC contains 191 mg of CSII. The heating of the CSII for the desorption process occurs directly on the CSII material using the walls between the channels as the heater.
Using this new µPC, a small GC system was able to measure about 170 ppb for the first time, which was provided by mixing the smallest concentration available at gas distributors (400 ppb) with synthetic air. The standard deviation σ of the signal corresponds to an ethylene concentration of 1.3 ppb. The noise limit is defined as ±3σ , which is 3.9 ppb. From this, we conclude that a detection limit of 10 ppb should be possible. One problem at the moment is caused by the heating of the µPC, because the heat of the housing creates a drift in the output signals. This problem must be solved before the detection limit of this device can reach this lower level. Therefore, at the moment the detection limit is approximated 50 ppb.
However, with the enlargement of the µPC the influence of the vaporized water owing to the cross-selectivity of the non-selective sensor increases as well. This was a huge problem in the past, because as mentioned earlier, for several stationary phases vaporized water and ethylene show similar retention times. However, from figure 10a, b, the separation of the water and the ethylene peak could be observed. This was done by using CSII as the stationary phase.
There are several differences between standard GC systems and this miniaturized system, making it suitable for use in logistic supply chains. First of all, this system will be more cost efficient. A cost estimate shows that the system might be available for under A C2000 (instead of A C18 000 or more for laboratory GC suitable for ethylene measurement). The second important difference from conventional laboratory GC systems is that no specific carrier gas is needed. To avoid the necessity of an additional gas support, the system was designed to use synthetic air instead of nitrogen or helium as carrier gas. Synthetic air as mobile phase has some disadvantages related to the performance of the system, as high humidity causes an increased baseline signal. However, tests with humidified synthetic air showed that the impact of this effect is not very significant to the measurement. In this context, the disadvantage that the used sensor only detects ethylene in higher ppm concentrations is turning into an advantage, as ethylene concentrations in ambient air only arise in lower ppb levels and therefore will not cause any output signals by the sensor.
The size of the system is 33 × 27 × 15 cm 3 . First tests were performed for the communication between the computation unit of the so-called 'Intelligent Container' [42] and the sensor device. Owing to adsorption and desorption processes and the retention times, only one measurement per hour is possible. This is sufficient for measurement in a container or CA store.
The system can be designed for multiple gas detection. An example is the system CompactGC by Axel Semrau. Having a larger scale and price, this system is optimized for mobile application.
The µGC system will be further improved in the future. For the µ-column, a capillary column is under development that will have a better performance and thus will shorten the measurement period. The presently used sensor is one designed to detect methane, as no other simple MOX sensor was available. Agarwal et al. [29] described a new sensor that can be used to improve the µGC further. Here, a SnO 2 capacitive sensor is described, which is quite similar to the sensor that is used in the above-mentioned µGC system but is optimized for ethylene detection. Such a sensor is not a stand-alone sensor device, owing to high cross-selectivity and poor sensitivity.
The designed µGC system showed that such systems can be very small and sensitive enough to be used in a container. Moreover, this system needs no additional support of carrier gas, as it is designed to use ambient air. Therefore, a tube is needed to get air from the ambient into the container. In a container, no real-time measurement is necessary and thus this system can be suitable for use inside containers. At present, only a prototype is available.
A commercial solution for a mobile GC system is the Photovac Explorer [43] . It operates with a battery (8 h life time) and a refillable carrier gas cylinder. The sensitivity to ethylene is 100 ppbv. Its size is 39 × 27 × 15 cm 3 . The price for this system is ca A C19 000. It is designed as a multi-gas analyser using three columns. At the moment, the price and necessity of a specific carrier gas prevent this system from being suitable for use on a larger scale in the fruit supply chain.
(e) Non-dispersive infrared spectroscopy NDIR absorption spectroscopy provides a relatively simple and robust solution for the measurement of IR-active gases. The gas molecules absorb IR radiation at a specific wavelength. The attenuation of IR radiation is measured and the gas concentration can be calculated according to the Lambert-Beer law.
As ethylene is IR-active mainly around 10.6 µm, this absorption can be used to measure also small concentrations. Yet, available IR sources for this wavelength range are either expensive or have a comparably low intensity. This can be partly compensated by choosing optimal length of the optical path. The absorption spectrum of 100% ethylene for an optical path length of 1 m at normal conditions is shown in figure 11a .
We developed a filter spectrometer for ethylene monitoring in fruit applications. The aim is a small and low-cost optical system for ethylene detection in the mid-infrared at a wavelength of 10.6 µm. In fruit storage applications, other gases appear and can disturb the optical measurement of ethylene. Numerous hydrocarbons in ppb concentrations are negligible for optical measurement, but ammonia, ethanol and acetaldehyde can occur in concentration ranges of several ppm, and thus have to be considered as interfering in the IR measurements of ethylene. While ethanol and acetaldehyde are the result of fruit stress, ammonia interference may be caused by the leakage of the cooling system. Therefore, the absorption not only at 10.6 µm, but also at other wavelengths has to be determined, i.e. a multi-spectral measurement has to be performed. A scheme of the measurement system is shown in figure 11b . The modulated radiation of a thermal emitter is coupled into a long-path gas cell and is detected by a multisensor array, pre-amplified and processed by a lock-in technique. The IR emitter, the compact long path absorption cell, the detection module and system electronics were all integrated into a compact system.
A miniaturized White cell has been developed to reach the required optical path length for the detection of low ethylene concentrations occurring in fruit storages. The principle of a White cell is based on multiple reflections between three spherical concave mirrors, which all have the same radius of curvature. The optical set-up provides a high light transmission where radiation losses are caused only by absorption and scattering on the reflecting surfaces. The optical path, i.e. the number of reflections, is dependent on the adjustment of the mirrors, but limited by the diameter of the active area of the source. Here, an optical path length of 1.6 m is implemented in a volume of 11 × 5 × 6 cm 3 . The body of the cell is made of aluminium. The mirrors are gold-coated convex glass lenses and are glued into the White cell [45, 46] .
For multi-spectral measurements, a thermopile detector array with integrated optical filters and microstructured Si Fresnel lenses has been developed. It consists of a substrate chip with an array of 2 × 2 thermopile elements based on silicon technology that is attached to the base of the package. Four different optical filters are flip-chipped onto the thermopile elements. Attached on the top of the package is a Fresnel multi-lens, intended to divide the total IR radiation transmitted by the absorption cell into four and focus into the corresponding absorption zone of the thermopiles.
A detailed description of the processing of the thermopiles can be found in [47] ; the optical characterization of the thermopiles was shown in [48] . The parameters of the optical filters were estimated from the absorption spectra of the relevant gases, i.e. ethylene, ammonia, ethanol and acetaldehyde [49] . All gases show interfering absorptions at 10.6 µm, i.e. they can cause interferences in the IR measurement of ethylene. Filter wavelengths for ethylene at 10.6 µm, ethanol at 3.46 µm, ammonia at 9.7 µm and a reference channel at 3.95 µm have been chosen for the four-element thermopile array.
The set-up of the optical system with miniaturized absorption cell, IR emitter, optical chopper, coupling optics and detector module is shown in figure 12a . The IR emitter is mounted in a TO8 housing. For mechanical modulation of the radiation, a motor driving a chopper blade and a light barrier is used. Different set-ups of coupling optics for the White cell have been tested. In addition to spherical mirrors, a lens made of zinc selenite (ZnSe), parabolic mirrors and an ellipsoid mirror were compared. The ZnSe lens showed the best results with regard to coupling efficiency and compactness and has been used in the final set-up. To avoid radiation losses at an additional window, the ZnSe lens is mounted on a tube and closes the White cell at the input focus. The distance between the output focus of the White cell and the detection module depends on the tolerances of the focal length of the Fresnel multi-lens. To protect the detection module from humidity a thin calcium fluoride (CaF 2 ) window seals the White cell.
The fourfold thermopile array provides three information channels and one reference channel. To acquire the information from the three channels, a multiplexer is used. Next to a preamplification stage, a synchronous detection (lock-in amplifier) is used in order to increase the signal-to-noise ratio. The emitter is mechanically modulated at 8 Hz. The modulation signal of the infrared source is also used as reference signal for the lock-in amplifier. The lock-in amplifier has been designed and digitally implemented on a PSoC 5 microcontroller (from Cypress). By using an electrically modulated IR emitter instead of an optical chopper, the system has been integrated on a European standard PCB card. The size of the whole measurement system is 10 × 12 × 16.6 cm 3 .
The optical set-up has been tested with and without the pre-amplification board. Figure 12b shows the chopped signal without pre-amplification. The White cell was exposed to different concentrations of ethylene at 0, 25, 50, 25 and 0 ppm again with a duration of 30 min for each step. The detection limit (3σ ) of the optical set-up with and without pre-amplification board is below 20 ppm for a measurement time (integration time) of 2 s. The detection limit can be enhanced to 5 ppm (3σ , 2 s integration time) by using a dual detector array (two-channel approach), owing to a lower noise on the sensor signal. By using a dual detector array instead of fourfold detector array, the available optical power of signal is distributed on a much smaller detector area, which results in a much better signal-to-noise ratio.
To the best of our knowledge, there is only one infrared gas sensor for monitoring fruit ripening processes commercially available [50, 51] . The detection limit (3σ ) of the SmartGAS sensor is 20 ppm for a measurement time (integration time) of 15 s. The SmartGAS system uses a two-channel approach, one channel for the ethylene detection and the other channel for CO 2 measurements. Other IR optical ethylene measurement systems on the market are combustible gas detectors for monitoring the lower explosion limit with a detection limit in the range of 100 ppm or more [52] .
The NDIR-based systems are quite small, relatively cost efficient and can be designed for multiple gas detection. At present, however, the available systems are not sensitive enough for quality prediction during transport. First tests showed that this can be further improved by combining the system and a pre-concentrator. First tests of combining an NDIR system with a pre-concentrator are described in Sklorz et al. [53, 54] . The results show promising opportunities for this method to improve sensitivity. In ripening facilities, this system would be an attractive alternative, as the achieved sensitivity is sufficient there. The advantage of measuring CO 2 at the same time is quite important during ripening.
A new, improved SmartGAS NDIR system will be available soon. This system will also be tested in a banana container. The sensitivity of this new device will be in the lower ppm range. The combination with a pre-concentrator shows great potential to overcome the sensitivity issue of such devices. It appears feasible to achieve measuring in the respective ppb ranges, and thus the development of shelf life models using ethylene as a parameter will be a potential option.
Comparison of methods for ethylene determination
Several measuring methods for the detection of ethylene have been investigated in the past. Current developments were highlighted in the previous section in addition to the earlier overview by Cristescu [14] . In terms of sensitivity, some available systems can detect ethylene at very low concentrations of only a few ppt ( §2), which are suitable for use in laboratory-based biological research on climacteric fruits (table 3) .
For the mobile usage of such devices in the supply chain of fruits, the sensitivity is not the only factor to be regarded, because in this case other issues play an equally important role. Most of these highly sensitive devices, like gas chromatographs, are not suitable for mobile application, because of the necessity of specific components like a carrier gas bottle or their relatively large size. However, the Photovac Explorer has a small size but is quite expensive and the system is not designed for usage in container application. This might be possible in the future. In comparison, the system with the best sensitivity to ethylene is the photoacoustic sensor, however, with the disadvantage of high price and high sensitivity to both noise and vibrations. The EDT-300 is a device for research, which showed good performance in an airplane. Use in a container might be more challenging for the device. Investigations and field tests according to container transportations should be conducted.
Three other developments for ethylene measurement are on the verge of being used in the fruit supply chain: the NDIR device, the µGC system and the electro-catalytic sensor ETH1010 (table 4) . We depicted these three systems, because they are showing good overall performances and the prices are in a reasonable range. In the following, we compare these three systems in detail according to the advantages and disadvantages, like all measurement systems have. This comparison together with the information about the other depicted devices and measurement tools give an idea of the important things that have to be kept in mind to find a system that fulfils the requirements of each part of the logistic chain.
With the current sensitivity of 170 ppb (µGC), 20 ppm (NDIR) and 10 ppb (ETH1010), these systems do not show the best sensitivity of all systems, but they are still good enough for use in the fruit supply chain. Presently, in this context the ETH1010 is the best-suited system for monitoring the quality of climacteric fruits. The sensitivity of µGC system, however, is also suited for such measuring. At present, with regard to sensitivity, the NDIR is only suited for use in ripening facilities. The required selectivity is achieved by different techniques. The ETH1010 is highly selective owing to the electrochemical properties of gold nanoparticles. NDIR devices use a filter specific to the absorption wavelength of ethylene. However, cross-sensitivities cannot be avoided and must be compensated by reference measurements especially for CO 2 , if ethylene concentrations below 10 ppm should be measured. The column of a GC must be specially adapted to the target gas to achieve best accuracy, but the device can be adapted to several gases.
The potentially very high humidity (80-98%) inside a container, CA store, or transport compartment, e.g. of a reefer ship, has to be considered in several respects. Firstly, the device must withstand the humidity conditions in a container. CO 2 sensors tested during field tests broke owing to very high humidity in the container. Secondly, condensation in the measurement chamber or on the IR source, for example, can affect NDIR devices. Therefore, an in-built heater of the chamber is required. Thirdly, cross-sensitivities have to be considered. The GC needs compensation by a reference measurement, as the response time of water is close to that of ethylene.
The electrochemical cell of the ETH1010 uses water as a reactant and has therefore lower sensitivity towards changing humidity; conversely, if the sensor is left in very low humidity and dry ambient conditions, the sensor cell will require constant monitoring and replenishment of the water in the electrolyte reservoir.
The price of such a device is always important, especially if application on a larger scale is considered. One of the key advantages of the µGC is its price that is estimated to be A C2000 in a midscale range production. At A C7000 the ETH1010 is in the medium-priced range and therefore the use inside fruit containers on a larger scale seems to be difficult at present. However, for application in CA stores and on board a ship this technology could be the preferable measurement method.
The power consumption of all three devices is in a reasonable range. Only the µGC needs relatively high current supply at 1.5 A, but only for a short period during the measurement of approximately 7 min.
Should the system be applied in an intelligent logistic process, an autonomous measurement is absolutely mandatory. However, all three methods are providing this feature.
Compared to other devices described in the literature or commercial measurement devices with a good sensitivity, all three systems are of fairly small size and it is possible to install them inside a container in which the space is limited.
With a measurement time of about 1 h, the µGC device is by far the slowest measurement system. With the other devices, continuous in situ measurement is possible. For monitoring the stage of ripening, a measurement time of 1 h is also sufficient, as the transportation of the fruit takes 10-14 days. During this time, the fruits remain in the same container, and a change in the ethylene concentration arises only very slowly. Another disadvantage of the µGC system compared to the other two systems is the fact that a carrier gas is needed. The system was tested with humidified synthetic air instead of common carrier gas (N 2 , He). According to the tests with synthetic air, the use of ambient air as carrier gas should be possible in the future and therefore no extra gas supply will be needed.
The long-term stability especially in a container is not yet tested for all three systems. Vibration, humidity and temperature (approx. 13 • C) could cause problems in this context. Nevertheless, some parts influence the long-term stability and also are important according to maintenance. Mechanical parts like pumps (used in µGC and SmartGAS) can show fatigue and thereby cause a drift of the measured values or a complete failure. Also, the MOX sensor of the GC can drift, as the active surface corrodes over time. The IR source in the NDIR device can show ageing effects and must be replaced according to the hours of use. The lifespan of the MOX sensor and the IR source must be investigated in long-term field tests. Calibration is very important if the highest accuracy of the measurement is needed. A typical calibration procedure requires test/reference gases with at least two different concentrations to compensate for drifts in zero offset and sensitivity. The number of required test gases can be reduced to one for the presented systems owing to inherent features of the measurement principle and built-in mechanism.
The ETH1010 comes with a permanganate filter, which provides clean air for automatic zero calibration. This filter needs to be replaced according to its use.
The sensitivity of NDIR devices has to be recalibrated frequently owing to ageing effects of the IR source. Zero offsets can be automatically compensated by the second reference detector with a different wavelength.
The baseline of the GC is adjusted to zero with the ambient air after the start of each measurement and thereby compensates drifts caused by humidity. Because the ethylene concentration of the output of the µPC is much higher than that of ambient air, the effect of ambient air to a shift of the baseline can be neglected.
The analyses of other gases can be quite important as well. Aside from its sensitivity, the key advantage of the ETH1010 in this context is the potential to detect 1-MCP in the second chamber. The system itself is equipped with integrated CO 2 and O 2 sensor based on other measurement methods. The NDIR system can be designed to detect every other IR-active gas. In the context of intelligent logistics, the measurement of CO 2 is the most important feature. In this case, a simultaneous measurement of the most important gases for ripening and transportation of climacteric fruits can be done. A GC system can be adjusted to any kind of gas. Therefore, the measurement of several gases is possible.
At present, only the SmartGAS system is available on the market. The ETH1010 will follow this year. The µGC is only available as a prototype. More investigation and field tests are needed before this system will be available for commercial use.
In the future, all three systems can be further improved. As indicated above, a new sensor and a novel capillary column for the GC system will be explored to improve the sensitivity and the measurement time. A potential combination of the NDIR system with a pre-concentrator may be employed to overcome the relatively poor sensitivity of the NDIR system. First tests showed the feasibility of such combination and promising improvements of sensitivity [48, 49] . Further tests with the SmartGAS system indicated that the required ppb levels can be achieved, but more research in this field is necessary. As mentioned earlier, the ETH1010 can be extended with the second chamber for 1-MCP measurement.
Conclusion and outlook
The monitoring of the freshness of perishable goods like climacteric fruits is very complex. One of the most important and difficult tasks is the measurement of ethylene gas. In the past, the parameter ethylene was often neglected in the prediction of the remaining shelf life during transport, as no suitable measurement system was available for the detection of ethylene changes in the ppb range. In the past few years, the technology has improved and small, robust systems are on the verge of deployment for use in quality prediction of climacteric fruits in containers. In this paper, three measurement systems are described in particular, as besides their improved sensitivity and selectivity they will be small, robust and cost efficient enough for use in a container or CA store. In the future, all three depicted systems will be present in the fruit supply chain. At present, the µGC seems to be the best-suited device for use in a container, as the sensitivity of the NDIR device and the price of the ETH1010 prevent those systems from being used on a larger scale. Nevertheless, the NDIR system is already on the market and an improved system will be available in 2014. Also, the potential to improve the sensitivity with a µPC will be explored in the near future. The ETH1010 is on the verge of becoming a commercial product. Potential use on a larger scale and optimization of the production line will lead to a decrease in price for the system, making the ETH1010 an interesting solution-besides CA stores and on board a ship-for container applications. 
